DNA cytosine methylation is a central epigenetic modification which plays critical roles in cellular processes including genome regulation, development and disease. Here, we review current and emerging microarray and next-generation sequencing based technologies that enhance our knowledge of DNA methylation profiling. Each methodology has limitations and their unique applications, and combinations of several modalities may help build the entire methylome. With advances on next-generation sequencing technologies, it is now possible to globally map the DNA cytosine methylation at single-base resolution, providing new insights into the regulation and dynamics of DNA methylation in genomes.
Introduction
Tumorigenesis is caused by not only genetic but also epigenetic changes. Genetic modification changes the DNA sequences and results in alternation of the structure and function of a gene's product. Epigenetic modification can be categorized into two types: modifications at the DNA level or the protein (histone) level. Changes on histone tails include but not limit to methylation, acetylation and phosphorylation. DNA methylation at the carbon-5 position of cytosine pyrimidine ring is catalyzed by DNA methyltransferases and can be heritable without changing DNA sequence. DNA methylation is the most stable of all epigenetic modifications and was first discovered in 1948 (1). Subsequently, CpG islands (CGIs), corresponding to genomic regions with a high frequency of CpG sites (2) were uncovered. The "p" in CpG refers to the phosphodiester bond between the cytosine and the guanine. DNA methylation is associated with transcriptional silencing of imprinted genes in normal cells and with inactivation of female X-chromosomes (3, 4) . Furthermore, hypermethylation of CpG islands in the promoter region of tumor suppressor genes is linked to cancer development (5, 6).
Over the past decade, many approaches have been developed for DNA methylation analysis. Typically, these analyses can be divided into two categories, typing and profiling technologies. Typing technologies are used when few loci are assayed
Technology in Cancer Research & Treatment, Volume 9, Number 2, April 2010 in multiple samples. Currently, a variety of technologies are used for typing applications, including polymerase chain reaction (PCR)-, restriction-and mass spectrometry-based methodologies (7). Readers are referred to recent review articles (7-9) as this type of assay will not be described here. This review will focus on the current and emerging technologies on DNA methylation profiling. In particular, we will discuss the strength and weaknesses associated with microarray and next generation sequencing for profiling DNA methylation (Table I) .
Microarray-Based Dna Methylation Profiling
Microarray-based DNA methylation profiling is a relatively new field. Its three major techniques are endonuclease restriction-, bisulfite conversion-and affinity-based microarray analyses (Table I) .
Endonuclease Restriction-Based Microarray Analysis
Differential methylation hybridization (DMH) (10) was the first genome wide DNA methylation profiling assay. It is used to identify hypermethylated loci in normal tissues, in cancer samples or in cancer cell lines by using CpG island microarrays. The basis of DMH is the application of sitespecificity and methylation-dependent restriction enzymes. Genomic DNA is fragmented by restriction enzymes such as MseI, a 4-base cutter, or by sonication into smaller fragments. The resultant materials are ligated to synthetic linkers and their methylation status is interrogated by methylationsensitive endonucleases, BstUI and/or HpaII. BstUI is the enzyme of choice as most CpG islands contain BstUI cut sites. The methylated fragments, which are protected from restriction, will be amplified by linker-dependent PCR. In contrast, the unmethylated fragments are digested by the A similar approach to HELP-seq, termed Methyl-seq, was adapted to investigate DNA methylation alternations from specimens representing various stages during human development (18). Although this assay requires HpaII sites and sequencing reads which are biased toward CpG islands, more than half of the regions identified by this method were outside annotated reference genes. This assay has effectively identified 65% of all annotated CpG islands and the DNA methylation status of more than 90,000 regions in the human genome. The method was reported as a sensitive, highly specific with very low background, reproducible, simple to execute assay, and relatively inexpensive when sequenced on NGS instruments (18). This assay, however, is also plagued with limitations. For instance, DNA fragments contain a specific subset of HpaII cleavage sites (those that appear within 35-75 bp of each other in the human genome), which limit the accessible number of CpG islands. Methyl-seq in current status only defines sequencing reads to binary calls of ''methylated'' and ''unmethylated, which might be a problem in measuring methylation quantitatively in certain regions. Because, an "unmethylated" region is defined within an HpaII fragment in the next-generation sequencing and reads as methylation lost, this assay limits the ability of Methyl-seq to detect the quantitative methylation state of any individual CpG site(s) which might be partial methylation or imprinted loci. Finally, Methyl-seq is not effective in detecting regions with low CpG 
Bisulfite conversion-based microarray analysis
The gold standard for investigating DNA methylation is bisulfite sequencing. Bisulfite treatment converts unmethylated cytosines from CpG sites to uracils, while methylated cytosines are protected from conversion. After PCR amplification, uracils are read as thymidines, but methylated cytosines remain unchanged. This process alters an epigenetic difference into a quantifiable genetic difference. In a methylation-specific oligonucleotides microarray experiment, PCR amplicons generated after bisulfite conversion of genomic DNA function as probes to hybridize targets corresponding to methylated and unmethylated regions in genes of interest (24). The quantitative differences in hybridization, which are assessed by the fluorescent intensity, indicate the methylation status of a particular locus. This approach has been applied to various human cancers (24-27), such as breast, nonHodgkin's lymphoma and colorectal.
The first commercial bead array-based platform was Illumina's GoldenGate assay and is still widely used. McrBC is preferred to other methylation-sensitive enzymes such as HpaII, because it does not require a highly specific sequence motif and therefore cuts more frequently. This methodology not only assays both hypermethylated and hypomethylated loci but also extracts other genomic information, such as copy number differences. One other advantage of this assay is that it does not require prior methylation information from a reference genome to serve as a control and therefore can be applied widely to clinical specimens without a matched control (19, 20) .
In 2006, microarray-based methylation assessment of single samples (MMASS) (21) was developed to directly compare methylated and unmethylated sequences within a sample, and to improve the detection sensitivity of differential methylation within a single hybridization. Briefly, genomic DNA is first digested with MseI, followed by adaptor ligation and then divided into two equal fractions. One fraction is treated with McrBC to enrich unmethylated sequences. The other fraction is optimized with a combination of methylation-sensitive enzymes (AciI, HinP1I, Hpy-CH4IV and HpaII) to enrich methylated sequences. The restricted materials from both fractions are amplified with linker-mediated PCR, which corresponded to unmethylated and methylated regions, respectively. The amplicons are labeled, mixed and hybridized to a CpG island array. MMASS utilizes bioinformatic tools to provide detailed Illumina has developed Infinium, a system that employs the same principle but with a higher resolution BeadChip than GoldenGate. HumanMethylation27 is an assay of Infinium used to profile DNA methylation status at 27,578 CpG sites (spanning more than 14,000 genes) per sample at singlenucleotide resolution while analyzing 12 samples on a single chip. This high throughput technology features low sample input and low cost.
Affinity-Based Microarray Analysis
Due to the limitations of enzyme recognition site(s) within CpG sites and the reduction of sequence complexity following bisulfite conversion, a third technology has been developed to enrich the methylated (or unmethylated) fraction of the genome, i.e., methylated DNA immunoprecipitation (MeDIP) or affinity chromatography over an MBD (methylbinding domain). MeDIP-chip (30) was developed based on immunoprecipitating the methylated fraction of a genomic DNA with a monoclonal antibody against methylated cytosine and then hybridizing the immunoprecipitated fraction against the input or total fraction on a microarray. As technologies evolve, the next generation sequencing becomes preferred platform to analyze the methylated fraction from MeDIP, known as MeDIP-seq (31), and will be discussed later in this review. Batman, a new algorithm, was developed to measure the quantitative DNA methylation of MeDIP-seq. However, this assay requires the antibody to recognize single strand DNA, which is sometimes difficult to achieve in CpGpoor DNA regions.
An alternative approach to obtaining enriched methylated DNA is to exploit the high binding affinity of MBD (methylbinding domain). Unlike MeDIP which relies on a specific monoclonal antibody against 5-meC (5-methyl cytosine), methylated CpG island recovery assay (MIRA) (32-34) utilizes the specific binding capacity of the MBD2/MBD3L1 complex to double-strand methylated DNA sequences which is not sequence dependent except for methylated CpGs (33). MIRA was demonstrated as a specific and sensitive assay, sufficient to detect as low as one methylated CpG site in an in vitro analysis (32). MIRA-enriched fractions could be coupled with a whole-genome tiling microarray providing a 100-bp resolution of methylation profiling (34). It is worth noting that the MIRA approach has now been adapted and commercialized by several companies including Life Technologies (Invitrogen). Despite the development of all the approaches described in this review, no single method can profile the methylome in great detail. A combination of several methodologies is needed to comprehensively interrogate DNA methylation by microarray. The current rapid development in the NGS will overtake array-based methylome analysis.
Microarray Platforms
Microarray platforms can be grouped based upon characteristics such as the nature of the probe, the solid-surface support used, and the specific method for probe addressing and/ or target detection (35). The microarray signal intensity relies on probes. In general, shorter probe lengths reduce the errors introduced during probe synthesis and often have greater specificity. While longer probes have higher melting temperatures, greater mismatch tolerance, and increased sensitivity, they also result in decreased specificity. A longer probe length and greater probe number per target region could reduce random signal variation, referred to as noise (35) (36) . A detailed discussion of the complexities of probe design and probe-specific signal interpretation can be found in a recent review (36). There are three types of microarrays used to profile DNA methylation: printed and in situ synthesized oligonucleotide microarrays and high-density bead arrays.
Printed microarrays are relatively simple, inexpensive and flexible as it is easy to modify the probes on the array to reflect the latest annotation, novel targets and spliced variations (35). The medium on which the probes are arrayed is glass slides. It is economical, nonporous, stable to various ranges of hybridization temperatures and wash stringing. Glass also produces minimal background fluorescence and allows for efficient kinetics during hybridization. The printed microarrays are usually lower in density (~10,000 to 30,000 features) when compared to other platforms (35).
Most commercial microarrays, including Affymetrix, Agilent and Roche NimbleGen, (Table II) are in situ synthesized oligonucleotide microarrays. This format is not conducive to user-defined development due to the complex nature of chemical synthesis and the expense involved in production (35). The major advantages of this manufacturing system include reproducibility of production probes, and the standardization of reagents, instrumentation, and data analysis. Other advantages include controls, such as reference probes for intensity normalization, internal standards of known concentrations, and probes arranged in a checkerboard pattern that are homologous to an internal control provided in the hybridization mix (35).
Affymetrix GeneChips are the most widely used platform and its probes are short (20-25 bp), synthesized using semiconductor-based photochemical synthesis. Their advantages include multiple probes per target to improve sensitivity and a probe set to increase specificity. The probe set includes one perfect-match probe and one mismatch probe which contains a 1-bp difference in the middle position of the probe. In contrast to Affymetrix microarrays which are limited to one color label for hybridizing, both Agilent and Roche NimbleGen platforms are used with multicolor labeling. The Agilent system technology and measures cytosine methylation within specific sequence contexts. BS-Seq provides much more accurate promoter methylation results in comparison with that of microarray approaches. It can also be used to detect repetitive sequences that are difficult to study using microarrays because of the difficulty in designing probes for these regions (39).
Taking advantage of the next generation sequencing technology in time-effort and saving cost, targeted loci can be selected for high-throughput parallel bisulfite sequencing at a single cytosine resolution. Taylor et al., (40) directly sequenced 122 bisulfite PCR products from human lymphocytes, lymphomas and leukemia, spanning 25 genes in a single sequencing run without subcloning. This approach was able to detect more than a thousand individual sequences for each PCR amplicons. This is far more than the number of clones that can be analyzed by traditional bisulfite sequencing cloning (10~20 clones). Another approach to study selected loci is the RRBS method (reduced representation bisulfite sequencing) (41) in which 90% of CpG islands within the mouse genome were include in MspI digested fractions. DNA fragments are then subjected to bisulfite conversion and high-throughput sequencing. The advantage of RRBS is the assurance that each sequencing read contains at least one CpG as sequencing fragments are bracketed by MspI sites. This method covers nearly 1 million distinct CpG dinucleotides utilizing short 36 bp reads generated by the Illumina genome analyzer platform.
More recently, padlock (molecular inversion) probes were developed to capture targeted-sequences in bisulfiteconverted DNA (42, 43). Thousands of padlock probes are generated and synthesized by computational programs based on targeted DNA sequences. The targeted CpG sites within bisulfite converted DNA are in the middle of circular padlock probe. The CpG methylation levels are captured in a single ligation-amplification reaction which amplifies many multiplexed padlock probes in a single tube. The captured targeted CpG sites in padlock loops are then subjected to Illumina sequencing. Padlock probes can achieve 90-99% targeted-specificity after pooling ~10,000 probes in selected chromosomes (42, 43) . Ball et al., (43) also applied padlock uses longer oligonucleotide probes (60 bp) and employs fiveink (4 bases plus catalyst) inkjet technology for probe production. Each Agilent microarray can contain up to 244,000 probe features in format. The Roche NimbleGen is the third in situ synthesized oligonucleotide microarray. NimbleGen arrays also contain long probes (50 to 100 bp) and use maskless photo-mediated synthesis chemistry to generate probes. Maskless array synthesizer technology uses programmable micromirrors to create digital masks that reflect the desired pattern of DNA sequences onto arrays (35). Each NimbleGen microarray can contain up to 2.1 million features per slide.
The third platform, BeadArrays (Illumina), is based on 3-µm silica beads that randomly self assemble in microwells onto either fiber optic bundles or planar silica slide substrates. Each bead is covered with hundreds of thousands of copies of a specific oligonucleotide that captures specific sequences. BeadArrays can support up to 10 5 to 10 6 features and have built-in redundancy. This redundancy is crucial as an experimental control to compare data among arrays since each manufactured microarray may not be identical. Another unique advantage is that the bead pattern alternations provide a reflector to identify spatial bias (35).
Sequencing-Based Dna Methylation Profiling
The biggest advantage of next-generation sequencing (NGS) technologies is that a single run can provide higher coverage at relatively low cost when compared with the above described assays for genome-wide DNA methylation. NGS technology is in an exponential development stage and detailed discussion can be found in recent publications (37, 38) as only the platforms and characteristics will be discussed in this review.
Today, sequencing of every CpG in the genome with high accuracy is already technically achievable by using wholegenome shotgun bisulfite sequencing (named BS-Seq) (39) and 44) . Although it is still prohibitively expensive, the rate of cost reduction should continue on its exponential trajectory for the near future. BS-Seq combines bisulfite treatment of genomic DNA with Solexa sequencing probes using a second method, called methyl-sensitive cut counting (MSCC) using the methylation sensitive enzyme, HpaII. MSCC profiles all genomic locations within HpaII cut sites that totals to ~1.4 million unique sites in the human genome. Using this strategy, the authors found a positive correction between hypermethylation in gene bodies and transcription activation, consistent with biological observation (43).
Another relatively high resolution strategy is MeDIP-seq (31) was used to the study the whole-genome DNA methylation profile (DNA methylome) in the mammalian genome. MeDIP depends on the efficiency of immunoprecipitation as well as the density and configuration of methylated CpG sites as described in previous section. MeDIP fragments are subjected to Illumina Genome Analyzer sequencer. Down and colleagues (31) developed a cross-platform algorithm, Batman, to estimate absolute methylation level utilizing MeDIPchip or MeDIP-seq. They found that MeDIP-seq provides coverage of 90% of all CpG sites within CpG islands, promoters and other regulatory sequences, exons and introns, and 60% coverage of all CpGs in the human genome.
A recent assay, MethylC-Seq, is a bisulfite-based and single-base-resolution technology and has been used to map methylated cytosines in genomes of Arabidopsis (44) and of mammals (45). This approach starts with fragmented genomic DNA treated with sodium bisulfite to convert cytosine, but not methyl-cytosine, to uracil, and is then sequenced by Illumina Genome Analyzer. In the human genome (45), MethyC-Seq interrogated at least one sequence read for over 86% of both strands of the 3.08 Gb human reference sequence which accounted for 94% of the cytosines. This method provides, for the first time, the information that methylation in non-CG contexts is enriched in gene bodies and depleted in protein binding sites and enhancers, which is usually overlooked by other methodologies. It also produces a novel observation that patterns of abundant methylation in the CG and non-CG sites of gene bodies might have different correlations with gene expression.
next-generation Sequencing technologies
Next-generation sequencing (NGS) is referred to as a new technology arising after the automate Sanger method. These technologies can generate hundreds of millions of sequences of short DNA fragments in a single run. Different experiments can be performed by varying strategies including template preparation, sequencing, imaging, genome alignment and assembly steps. In the following, we will briefly discuss the three main next-generation sequencing platforms and their characteristics are summarized in Table III . A detailed discussion including the chemistry of synthesizing sequences for the platforms can be found in a recent review (46). We will also mention the strengths, weaknesses and challenges of NGS technologies.
Roche/454 Genome Sequencer FLX system was the first NGS platform on the market and is based on pyrophosphate detection. DNA templates are ligated with specific adapters which immobilize one DNA fragment onto one bead. These fragments are amplified by emulsion PCR which consists of water droplets containing one bead and PCR reagents immersed in oil. The amplification is necessary to obtain sufficient light signal intensity for reliable detection in the sequencing-bysynthesis reaction steps. The sequencing signals are collected through the fluorescence generated from the luciferin substrate during sequencing reaction. The system can generate more than one million individual reads per run at lengths up to 500 bases. With continuous new chemistry developments, read lengths are expected to extend to 1000 bases in 2010 according to Roche website.
The Illumina/Solexa GAIIx platform dominates the NGS current market. The key features of this platform are cyclical reversible termination for the four nucleotides each labeled with a fluorescent dye, and a mutant DNA polymerase that incorporates a single nucleotide at a time. DNA fragments ligated with adapters at both ends are immobilized on a solid support and create a 'bridge' structure by hybridizing with its free end to the complementary adapter on the surface of the support. PCR amplification is performed using the adapters on the surface that act as primers to obtain sufficient light signal intensity. The PCR products, named clusters, are created and subjected to real-time sequencing. The sequencing reagents contain primers, four reversible terminator nucleotides and the DNA polymerase. After incorporation into the DNA strand, the terminator nucleotide is detected and identified via its fluorescent dye by the CCD camera. The terminator group at the-end of the base and the fluorescent 
Conclusions
Epigenetic study has made remarkable progress in the field of cancer research. Utilizing genome-wide approaches, such as microarray and next-generation sequencing, profiling of DNA methylation has come of age; methylome analysis is now widely applied in exploring the functional genome in health and disease. As next-generation sequencing technology improves, new platforms will provide greater sequencing length and depth at lower cost. Targeting selective representations or sampling whole genome, bisulfite sequencing methods can be used for analyzing methylation status at single base resolution. These high throughput analyses can be utilized to identify methylation signatures from cancers and normal specimens that serve as molecular biomarkers for early detection and/or diagnosis. These technologies also enhance the knowledge of disease progress thereby forming a rational basis to epigenetic therapies. In conclusion, the human methylome is coming into its golden age with the aid of next-generation sequencing technologies.
acknowledgments dye are then removed from the base and the synthesis cycle is repeated. Currently, the sequence read length is about 100 nucleotides. However, longer reads will reduce accuracy because of signal decay and de-phasing.
The Life Technologies/Support Oligonucleotide Ligation Detection (SOLiD) system is based on sequencing by ligation technique. The system generates sequences on the fragmented DNA templates by ligating a pool of fluorescently labeled probes which contain random oligonucleotide combinations. Each cycle of hybridization and ligation is preceded by cleavage of the 3' end of ligated probes and the addition of the next fluorescent probe. A detailed description on the sequencing chemistry can be found in a recent review (46). A total of 400 million sequence tags are produced per run and the length of each read can reach up to 50 bases.
NGS offers many advantages over microarray-based assays. First, NGS provides higher base pair resolution, with the exception of tilling arrays which still require a large number of probes to reach its high resolution. Second, NGS has relatively fewer artifacts, such as noise in the form of cross-hybridization, generated by the hybridization step on microarrays. Third, the genome coverage is not limited in NGS by the repertoire of probe sequences fixed on the array. This is particularly important for the analysis of repetitive regions of the genome, which are typically masked out on microarrays. Finally, NGS has a larger dynamic range and provides high-coverage thereby increasing the confidence of the resultant data.
The main weaknesses of NGS are its current cost and availability. The overall cost of NGS including machine depreciation and reagent expense is much higher than those needed in microarray. However, the profiling of whole genome in high resolution is still cheaper in NGS experiments than those in microarray approaches. With the improvements of sequencing chemistry and institutional support for the procurement of sequencing platforms, NGS will become the main choice for genome-wide profiling experiments.
The main challenges of NGS technologies are data management and analysis. NGS generates an immense amount of data that can reach terabytes per machine run in raw image files. This makes data storage a challenge even for facilities with considerable expertise in the management of genomic data (47). Genomic alignment and assembly require bioinformatics skills. New and improved algorithms are needed to identify genome enrichment. Downstream data analyses are time ensuring and expensive. For example, motif finding is the most common analysis for a transcription factor binding on DNA. The process of computing statistical significance in NGS experiments is rather different from that of microarray. It is impossible to discuss issues related to NGS in detail, but
